Glutamate + NH3 + ATP -. Glutamine + ADP + Pi illuminated pea (Pisum sadvum) chloroplsts actively catalyzed (glitamine plus a-ketoglutarate)-dependent 02 evolution (average of 12 preparations 10.6 jumole mg chlorophyll per hour). The reaction was specific for glutamine and a-ketoglutarate; concentrations of 0.2 mM aketoglutarate and 0.6 mm glutamine, respectively, effected haff-maximum rates of 02 evolution. The reaction was inhibited by 3-(3,4-dichlorophenyl)-1-1-dimethylurea and did not occur in the dark. After osmotic shock chloroplat did not catalyze 02 evolution. The reaction was inhibited by azaserine and glutamate but not by 10 mM ammonia, 2.5 mM methionine sulfoximine, or 5 mm amino-oxyacetate; addition of amino-oxyacetate together with aspartate inhibited 02 evolution. Arsenate (3 mM) enhanced 02 evolution. The highest molar ratio for 02 evolved per mole of a-ketoglutarte supplied was 0.40; the corresponding values for glutamine in the absence and presence of 3 mm arsenate were 0.20 and 0.24, respectively. The (glutamine plus a-ketoglutarate)-dependent 02 evolution is attributed to photosynthetically coupled glutamate synthase activity and the activity is sufficent to account for the assimilation of inorganic nitrogen. The low molar ratio for glutamine is discussed.
Until recently, it was widely held that the primary mechanism for ammonia incorporation in most organisms was reductive amination of a-ketoglutarate catalyzed by the enzyme glutamate dehydrogenase. It has long been known however that organisms which assimilate ammonia, including plants, also contain glutamine synthetase, which has a much higher affinity for ammonia than has glutamate dehydrogenase. It is now recognized that ammonia incorporation in many microorganisms is catalyzed by glutamine synthetase and that nitrogen is first incorporated into glutamine, prior to glutamate (1) . An important adjunct to this scheme was the discovery of the enzyme glutamate synthase (EC 1.4.1.13) which catalyzes the formation of 2 molecules of glutamate from glutamine and a-ketoglutarate (19) . This enzyme, when coupled with glutamine synthetase establishes a self-sustaining catalytic system for ammonia incorporation in which glutamate acts as acceptor for ammonia incorporation and where glutamine synthetase initiates the formation of organic nitrogen.
Recently ferredoxin and NAD(P)H-dependent glutamate synthases have been described in photosynthetic and nonphotosynthetic plant tissues, respectively (4, 8) . In a recent review, Miflin and Lea (12) proposed that ammonia incorporation in plants is also catalyzed by glutamine synthetase and glutamate synthase rather than by glutamate dehydrogenase. Their conclusion was based on a consideration of the affinities of the enzymes for their respective substrates, the relative activity and subcellular localization of the enzymes, a reexamination of some earlier 15NH3 and 14CO2 labeling experiments and metabolic studies with inhibitors of both glutamine synthetase and glutamate synthase. Another important consideration was that chloroplasts, which are the major site of ammonia incorporation in leaf tissue, are uncoupled by 2 mm ammonia whereas typical Km (ammonia) values for glutamine synthetase and glutamate dehydrogenase (NADPH) in plants are 19 Mm and 5.8 mm, respectively (12) .
Several studies have indicated that the glutamine synthetase/ glutamate synthase pathway of ammonia incorporation is photosynthetically coupled. 4 Stocking and co-workers (14, 16) reported that chloroplasts catalyze a light-dependent synthesis of glutamine. Further, illuminated chloroplasts catalyze the formation of 2 mol of glutamate/mol of glutamine in the presence of aketoglutarate (8) . Chloroplast extracts, in the presence of ferredoxin also catalyzed this reaction in the dark; NADPH would not serve as electron donor. Lea Chloroplasts were prepared essentially by the method of Stokes and Walker (17) . Pea shoots (100 g) were harvested approximately 1.5 cm above soil level and immediately immersed in chilled water (2 C). The chilled material was homogenized for 3 to 5 sec in 250 ml of an ice slush of extracting medium in a bottom-drive domestic blendor. The extract was squeezed through two layers of muslin and the supernatant solution poured (without squeezing) through a thick layer of cottonwool enclosed within eight layers of muslin. Chloroplasts were recovered by centrifugation at 4,000 rpm for 50 sec in a swing out rotor (maximum radius 16.8 cm evolution: 10 mm NaHCO3, 10 mm Na4P207, and 4.5 mm ADP. In addition, 10 mM DL-glyceraldehyde was included in all reaction mixtures except those for measuring C02-dependent 02 evolution, to inhibit endogenous 02 evolution (17) . Most measurements were made in the presence of 100 or 150 ,ug of Chl, the assays for intactness excepted. Chl was measured in ethanol (21) .
RESULTS
The intactness of the chloroplast preparations is cited for each experiment; the mean value for 24 successive preparations was 71.3% (SD 5.0). The mean value for the uncoupled rate of 02 evolution by shocked chloroplasts using ferricyanide as electron acceptor for these preparations was 558 ,umol mg Chl-' hr-1 (SD 101). C02-dependent 02 evolution rates were 28 to 87 ,umol mg Chl-' hr-1. In the absence of any additions, illuminated chloroplasts evolved 02 (Fig. 1, curve A) ,umol mg Chl-1 hr-1. Oxygen evolution did not proceed in the absence of either aspartate or a-ketoglutarate (Fig. 3) . The (aspartate plus a-ketoglutarate)-dependent activity was insensitive to 0.5 mM azaserine and 0.5 mm methionine sulfoximine but 5 mM amino-oxyacetate, an inhibitor of transaminases (10) was approximately equal to the sum of the two component activities when measured alone (Table I) . Azaserine, at low concentrations, inhibits the glutamate synthase from many microorganisms (2) and from leaves of Vicia faba (20) . We found that azaserine also inhibits (glutamine plus a-ketoglutarate)-dependent 02 evolution, although there is a time lag of 2 to 3 min before inhibition was observed (Fig. 4) .
Other experiments showed that concentrations of 0.05 mm, 0.15 mM, and 0.40 mm caused 30%, 77.5%, and 100% inhibition of 02 evolution, respectively. Azaserine (0.5 mM) did not inhibit the 02 evolution which followed addition of HCO3-, nitrite or 3-phosphoglycerate. When (glutamine plus a-ketoglutarate) activity was inhibited by azaserine, subsequent addition of P-glycerate or nitrite caused immediate resumption of 02 evolution (Fig.  4, A and B , respectively) at rates equal to those obtained with either P-glycerate or nitrite alone. In the absence of azaserine, addition of 0.5 mm nitrite to chloroplasts previously supplied with glutamine and a-ketoglutarate, enhanced 02 evolution. The rate of 02 evolution under these conditions was equal to the arithmetic sum of the two component activities (Table I) .
Methionine sulfoximine (0.5 mM) and amino-oxyacetate (5 mM), inhibitors of glutamine synthetase (2) and transaminase (10), respectively, had no effect on (glutamine plus c-ketoglutarate)-dependent 02 evolution. Glutamate, the product of glutamate synthase activity, inhibited 02 evolution (Fig. 5) . However, when 02 evolution in the presence of 1.25 mm glutamine was inhibited with 10 mm glutamate, further additions of up to 10 mM glutamine did not alleviate the glutamate inhibition.
The apparent affinity of the (glutamine plus a-oxoglutarate) reaction for a-ketoglutarate was relatively high; in the presence of 5 mm glutamine the concentration of a-ketoglutarate required for half the maximum rate of 02 evolution was approximately 0.2 mm (Fig. 6B) . The corresponding value for glutamine in the presence of 2.5 mm a-ketoglutarate was approximately 0.6 mM (Fig. 6A) . When chloroplasts were supplied with 5 mm glutamine, addition of limiting amounts of a-ketoglutarate initiated 02 evolution but the rate gradually decreased and finally ceased.
Oxygen evolution recommenced when more a-ketoglutarate was Table I . Rates of oxygen evolution from chloroplasts illuminated in the presence of various sets of substrates added either singly or as a combination of the two of them
The sums of the rates of 02 evolution for single sets of substrates are shown in parentheses. Each substrate was added at the concentration specified for the appropriate standard assay as described in the methods. Substrate abbreviations: Gln, glutamine; Asp, aspartate; a-ketoglutarate.
Rate of 02 Experiment
Substrates evolution pmol mg Chl-1 hr1 1 (Gln 4-a-KG) 9.5 (Asp + a-KG) 13 .0 (Gln + a-KG) + (Asp + a-KG) 20 .5 (22.5) 2 (Gln + a-KG) 13 Fig. 6B) ; for L-glutamine, 0.33 mm (0.6 mm, Fig. 6A ). The effective concentration of the substrates may have been reduced by restricted entry rates into the chloroplasts and/or their additional metabolic fates, so giving rise to the higher Km values.
Azaserine is a powerful inhibitor of glutamine-amide transfer reactions (2), including that catalyzed by purified glutamate synthase from Vicia (20) . Azaserine inhibition for the two systems were (values for chloroplasts in parentheses):-0.25 mm, 75%; (0.09 mm, 50%). Azaserine (0.5 mM) did not inhibit nitrite-, P-glycerate-(aspartate plus a-ketoglutarate)-or C02-dependent 02 evolution indicating that it is not a general inhibitor of light-coupled metabolic reactions of chloroplasts. Methionine sulfoximine, an inhibitor of glutamine-amide transfer reactions (18), did not inhibit (glutamine plus a-ketoglutarate)-dependent 02 evolution.
Theoretically, the 1 mol of reduced ferredoxin required/mol of glutamate synthase substrates itself requires the evolution-of 0.5 mol 02. Addition of small amounts of glutamine and aketoglutarate initiated 02 evolution which soon ceased; 02 evolution recommenced when more of the appropriate substrate was added (Fig. 7) . Since the reaction is irreversible (13), presumably it had gone to completion when 02 evolution had ceased. The highest molar ratios for a-ketoglutarate were 0.37 and 0.40 (Table II) added and the complete sequence could be repeated several times (Fig. 7, curve A) . The molar ratio of 02 evolution to aketoglutarate supplied was calculated for each of the successive additions of a-ketoglutarate for several experiments (Table II) . The highest molar ratios (0.40, 0.37) were obtained in those experiments in which the duration of 02 evolution was least. In general, this condition was best fulfilled by the first addition of a-ketoglutarate and high concentrations of Chl. Analogous experiments were conducted in the presence of limiting amounts of glutamine (Fig. 7 , curve B) except that it was necessary to add a relatively larger amount of glutamine because of the lower ap parent affinity for this substrate (Fig. 6A ). In the absence of arsenate the highest molar ratios for glutamine (0.19, 0.20) were approximately half those recorded for a-ketoglutarate and the ratios were independent of the duration of 02 evolution.
DISCUSSION
The (glutamine plus a-ketoglutarate)-dependent 02 evolution, being dependent on light and inhibited by DCMU (Fig. 2) , is therefore associated with the light reactions of photosynthesis and several lines of evidence suggest that a photosynthetically produced reductant is utilized by glutamate synthase. We presume that it is ferredoxin which is involved here, since chloroplast glutamate synthase is specific for this substrate (8, 20) . Effect of limiting amounts of L-glutamine and a-ketoglutarate on 02 evolution by isolated chloroplasts in the presence of saturating concentrations of the second substrate. Incubation A initially contained 5 mM glutamine and B, 2.5 mm c-ketoglutarate. Reactions were timed from the moment of illumination and additions were made as shown. The 02 produced for each successive addition (Al, A2, A3, A4) of aketoglutarate (250 nmol ml-') until 02 evolution ceased was 89, 77, 67, and 59 nmol, respectively. Corresponding values for each addition of glutamine (500 nmol ml-') were 82, 61.5 and 44.5 nmol ml-', respectively (B1, B2, B3). Chl concentration: 150 .Ag ml-'; chloroplast intactness 71%; volume: 2 ml. DL-Glyceraldehyde (10 mM) was present in both reaction mixtures. Fig. 7 . Addition of 5 mM amino-oxyacetate had no significant effect on the molar ratios for either substrate. Abbreviations: see Table I (Fig. 8) . The highest molar ratio obtained for ammonia in this system was 0.36. This higher molar ratio for ammonia suggests that exogenous glutamine is not as freely available for participation in the glutamate synthase reaction as is the glutamine which is synthesized within the chloroplast from ammonia and a-ketoglutarate. One explanation for the low molar ratios for glutamine could be that glutamine was metabolized in chloroplasts by some other process-with a relatively high affinity for glutamine in view of the substrate-limiting amounts added in these experiments (Fig.  7B) . If asparagine synthetase (7, 15) competed with the glutamate synthase activity in chloroplasts, then addition of aspartate might be expected to inhibit 02 evolution, provided that aminooxyacetate is added to inhibit (aspartate plus a-ketoglutarate)-dependent 02 evolution (Fig. 3) . The results in Figure 9 are consistent with this possibility. If asparagine synthetase competed for the available glutamine, arsenate, an inhibitor of phosphorylation, should inhibit the formation of ATP required. The molar ratio for glutamine was slightly greater in the presence of 3 mm arsenate (Table II) and arsenate enhanced the rate of (glutamine plus a-ketoglutarate)-dependent 02 evolution by up to 30%.
The inhibition of (glutamine plus a-ketoglutarate)-dependent 02 evolution (Fig. 5) by glutamate is consistent with the operation of glutamate synthase. The slow entry of glutamate into chloroplasts (6, 14) might explain why glutamate did not seem to exhibit fully competitive inhibitor kinetics, as observed by Miller (13) with the enzyme from Escherichia coli. Failure to alleviate glutamate inhibition by glutamine might also be related to the permeability process.
The (aspartate plus a-ketoglutarate)-dependent 02 evolution is quite distinct from the (glutamine plus a-ketoglutarate)-dependent activity since it is inhibited by amino-oxyacetate, an inhibitor of pyridoxal phosphate containing transaminases (10) , but is insensitive to azaserine and the rate of 02 evolution when the two systems are measured together is equal to the sum of the two component activities when measured alone (Table 1) . We suspect that the (aspartate plus a-ketoglutarate)-dependent activity is caused by transamination of aspartate with a-ketoglutarate to form oxaloacetate which is then reduced by photosynthetically coupled malate dehydrogenase (Fig. 8) glutamate synthase (11) . Malate dehydrogenase was demonstrated in the pea chloroplasts by oxaloacetate-dependent 02 evolution, thus confirming the results of Heber and Kirk (5) .
It remains to be seen whether the dark reactions of nitrogen and carbon assimilation of chloroplasts compete for the product(s) of the light reaction or whether the light reaction has sufficient potential to drive both systems at maximal rates. It seems that under our experimental conditions the two photosynthetically coupled enzymes of nitrogen assimilation, nitrite reductase and glutamate synthase, did not compete with each other for the product(s) of the light reaction since the 02 evolution of the two systems when measured together is equal to the sum of the two independent activities (Table I) . However, the total 02 evolution of these two systems is only 23 to 33 umol mg Chl-1 hr-' which is lower than that found for C02-dependent 02 evolution (28-87 ,umol mg Chl-1 hr-1) or osmotically shocked uncoupled chloroplasts using ferricyanide as electron acceptor (558 ,umol mg Chl-1 hr-1). This information suggests that the maximum capacity of the light reaction was not utilized by the nitrogen assimilation enzymes in our preparations.
The average rate of glutamate synthase activity of isolated chloroplasts (average intactness 71.3%) as measured by 02 evolution was 10.6 ,umol mg Chl-1 hr-1. Assuming the theoretical stoichiometry for O2/glutamine of 0. desalted chloroplast extracts using ferredoxin and methyl viologen as electron donors, respectively. We presume that the higher values we report for illuminated chloroplasts are due to differences in the chloroplast preparations.
The rate of nitrogen flux we report here for glutamate synthase activity is remarkably similar to that described by Mitchell and Stocking (14) for glutamine synthesis from ammonia and glutamate. They also used pea chloroplasts and their initial rates of flux at 25 C were 21 and 26 gag atoms N mg Chl-1 hr-1 with chloroplasts of 55% and 71% intactness, respectively. Thus it has been found that the ability of intact chloroplasts to catalyze the light-dependent synthesis of glutamine and glutamate are closely correlated and that the systems involved have adequate capacity for a major role in the assimilation of ammonia.
